
958 (2002) 25–33Journal of Chromatography A,
www.elsevier.com/ locate /chroma

L iquid chromatography–electrospray ionization isotope dilution
mass spectrometry analysis of paraquat and diquat using

conventional and multilayer solid-phase extraction cartridges
*Lorna Grey, Bick Nguyen, Paul Yang

Applied Chromatography Section, Ontario Ministry of Environment, 125 Resources Road, Etobicoke, Ontario M9P 3V6, Canada

Received 4 December 2001; received in revised form 4 March 2002; accepted 8 April 2002

Abstract

The performance of alkyl-silica sorbent packed solid-phase extraction (SPE) cartridges and a mixed-mode, polymeric
sorbent packed SPE cartridge (resin SPE cartridge) were evaluated for the sample preparation of paraquat and diquat in

2environmental water and vegetation matrices. Also the recoveries of the native and H-labeled paraquat and diquat were
2correlated to validate that the H-labeled species can be used for the isotopic dilution mass spectrometry (IDMS) analysis of

paraquat and diquat. The results show that the extraction efficiency of alkyl-silica SPE is dependent on the carbon loading of
the sorbent and deteriorates with an increasing sample pH. The resin SPE cartridge required no pH adjustment and showed

2excellent correlation between the native and H-labeled species, therefore, allowing us to develop the first liquid
chromatography–electrospray ionization IDMS analytical method for the analysis of paraquat and diquat in environmental
water and vegetation matrices. Method detection limits derived using standard EPA protocol were 0.2 and 0.1 mg/ l for
paraquat and diquat in water matrices, and 0.02 and 0.01 mg/g in vegetation matrices, respectively.  2002 Elsevier
Science B.V. All rights reserved.
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1 . Introduction are quickly and strongly adsorbed to clay and soil
organic matters. Various methods have been used for

1,19-Dimethyl,4,4-bipyridinium (paraquat) and the analysis of paraquat and diquat in vegetation and
1,19-ethylene-2,29-bipyridinium (diquat) are fast-act- water samples. These include gas chromatography
ing, quaternary ammonium, non-selective, contact (GC) [1–3], immunochemical assay [4,5], liquid
herbicides which inhibit photosynthesis when applied chromatography (LC) with UV detection [6–14] or
to plant foliage. They are used extensively as pre- mass spectrometry (MS) [15–21], and more recently,
harvest desiccants and defoliants, and also for in- electrophoretic methods with UV detection [22–30].
dustrial and aquatic weed control. Although they are Historically, ion-pairing (IP) extraction using an
highly water soluble, they will not easily be leached alkyl-silica solid-phase extraction (SPE) cartridge or
from soil or taken up into plant root systems as they disk, followed by LC–UV analysis has been used for

the determination of paraquat and diquat in water,
crop, and vegetation samples [6–14]. The lack of*Corresponding author. Fax: 11-416-235-6312.
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use of isotopically labeled method surrogates to diquat in environmental matrices and the feasibility
closely monitor and compensate for any errors for their use as internal standards for LC–ESI-IDMS
during the analysis [31]. Of late, the availability of paraquat and diquat analysis using the resin SPE
reliable liquid chromatography–electrospray ioniza- cartridge. Quality assurance data compiled from 6-
tion mass spectrometry (LC–ESI-MS) has lead to month of quality control samples was used to
the development of methods using ESI as an alter- validate the method.
native to UV detection for the analysis of paraquat
and diquat [15–21]. ESI-MS based methods offer
superior sensitivity, mass specific data, and allows 2 . Experimental
the use of isotopically labeled surrogates. Two of

2these recently developed methods [17,18] use H- Due to the high ionic strengths of paraquat and
labeled paraquat and diquat as internal standards to diquat, all glassware used in this work were silanized
improve data quality, however, none was validated using Supelco Sylon CT silanizing solution
for isotope dilution mass spectrometry (IDMS) quan- (Supelco, Mississauga, Canada) to prevent the ana-
titative analysis. Also, these new LC–ESI-MS meth- lytes from adsorbing to the glassware walls. When-
ods [15–21] continue to use IP based alkyl-silica ever possible, polypropylene labware was used to
SPE cartridge sample preparation procedures and are alleviate this concern. Water and vegetation samples
susceptible to the inconsistent quality of alkyl-silica were collected routinely from across the Province of
sorbent because of the batch-to-batch variation of Ontario in 500-ml plastic bottles and stored at
silica materials [32]. The pH modification process, 462 8C prior to sample preparation. Laboratory tap
which is an integral part of alkyl-silica sorbent based water and corn leaves were used for water and
SPE methods for paraquat and diquat SPE extraction, vegetation quality control samples.
can also affect method efficiency since analyte
retention will be weak if the sample pH is not 2 .1. Chemicals and reagents
optimized [33].

The mixed-mode polymeric SPE (resin SPE) Diquat dibromide monohydrate (99%) and
cartridges, depending on the functional groups paraquat dichloride tetrahydrate (99%) were ob-
bonded to its polymeric backbone, can have both tained from Sigma–Aldrich (Mississauga, Canada).

2 2reversed-phase and ion-exchange characteristics. De- H -paraquat and H -diquat (both 98% isotope8 4

tails on the type and application of resin cartridges enriched) were obtained from CDN Isotopes (Mon-
are available from Waters (www.waters.com) and treal, Canada). Certified reference standard solutions
International Sorbent Technology (www.ist- of diquat and paraquat were obtained from ChemSer-
spe.com). The mixed mode functionality eliminates vice (West Chester, PA, USA), Sigma–Aldrich, and
the need for IP-based alkyl-silica SPE and provides Dr. Ehrenstorter (Augsburg, Germany). Ammonium
an opportunity to develop a simple and rugged chloride (99.5%) and ammonium hydroxide, ACS,
alternative for paraquat and diquat analysis. Combin- 30% in water, were obtained from Anachemia

2ing this new extraction method, H-labeled method Canada (Montreal, Canada); trifluoroacetic acid,
surrogates, and LC–ESI-MS instrumentation, we (99%) was obtained from Aldrich (Milwaukee, WI,
have developed the first LC–ESI-IDMS method for USA). Cetyltrimethylammonium bromide, 95%, and
the quantitative determination of paraquat and diquat 1-hexanesulfonic acid, sodium salt, 98%, were ob-
with confidence. tained from Supelco (Oakville, Canada). All solvents

In this study the alkyl-silica and resin SPE car- were HPLC or distilled in glass grade and were
tridges were evaluated for use with the IDMS obtained from Caledon Labs. (Georgetown, Canada).
analysis of paraquat and diquat. We evaluated the Oasis MCX 6 ml, 150 mg resin SPE cartridges were
effect of pH on the recovery and correlation between obtained from Waters (MA, USA). Alkyl-silica SPE

2the native and H-labeled paraquat and diquat for the cartridges with C - and C -alkyl chains were ob-8 18

alkyl-silica SPE cartridges. In addition, we critically tained from Supelco Canada (Oakville, Canada),
2 2evaluated the behavior of H -paraquat and H - Worldwide Monitoring (Mississauga, Canada), and8 4

www.waters.com
www.ist-spe.com
www.ist-spe.com
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Table 1
Characteristics of the alkyl-silica SPE cartridges evaluated and typical recovery (n$3) of paraquat and diquat

SPE Alkyl Carbon loading Method recovery
cartridge chain type (w/w, %)

Paraquat Diquat

Average RSD Average RSD
(%) (%) (%) (%)

1 C 7 84 2.6 80 3.58

2 C 11 73 1.3 75 4.48

3 C 14 41 11 43 128

4 C 11 92 2.3 87 1.218

5 C 17 40 2.6 31 0.718

6 C 21 44 16 32 9.118

Chromatographic Specialties (Brockville, Canada). 2 .3. Sample preparation
Table 1 lists the characteristics of these alkyl-silica
SPE cartridges. 2 .3.1. Water samples

For the resin SPE cartridge, 1 M ammonium This procedure was validated using pure water,
chloride solution in methanol–deionized water chlorine treated drinking water, ground water, sur-
(50:50) was used as the cartridge elution solution. face water, and well water. Resin SPE cartridges
Alkyl-silica SPE cartridge conditioning solutions were conditioned using 5 ml of water, followed by
were prepared according to the EPA Method 549 [6]. 5 ml of methanol, and another 5 ml of water. Prior to
Cartridge elution solution for the alkyl-silica SPE extraction, a known amount of method surrogates

2 2cartridge was 1.35% TFA in water. The LC mobile ( H -paraquat and H -diquat) was added to 200 ml8 4

phase for all analyses was 25 mM TFA in methanol– of water sample and mixed well. Samples were
deionized water (5:95), prepared by diluting extracted by vacuum aspiration through the SPE
1.960.05 ml TFA and 50 ml methanol in 948 ml of cartridges at a flow-rate of approx. 3 ml /min. After
deionized water. extraction, the cartridges were rinsed with 5 ml

methanol–deionized water (50:50), and air dried for
approx. 1 min. Analytes were then eluted from the

2 .2. Calibration solutions SPE cartridges using 5 ml of cartridge elution
solution in two steps. The resin was first wetted with

Individual stock standards of paraquat, diquat, 1 ml of elution solution for approx. 1 min followed
2 2H -paraquat, and H -diquat were prepared in by 4 ml of elution solution to complete the elution8 4

deionized water at a cation concentration of 1000 process. An aliquot of the extracts were filtered
mg/ml. Before weighing, the salts were dried for 4 h through 0.45 mm nylon filters into a 1.0-ml poly-
at approx. 110 8C and cooled to ambient temperature ethylene sample vial and analyzed by LC–ESI-MS.
in a desiccator. Intermediate standards, 100 mg/ml in We found that with the resin SPE cartridges, sample
deionized water, were prepared from the stock extraction and elution required careful flow-rate
solutions. Calibration standard mixtures were pre- control. Flow-rates that were too high, i.e., greater
pared from the intermediate standards, covering the than 5 ml /min, resulted in sample breakthrough or
range of 0.01–1.0 mg/ml for paraquat and 0.005–0.5 incomplete retention of the analytes.

2
mg/ml for diquat. The internal standards, H - For the alkyl-silica SPE cartridges, samples were8

2paraquat and H -diquat, were maintained at con- prepared according to the EPA method 549 [6] with4
2centrations of 0.15 and 0.10 mg/ml, respectively. the addition of H-labeled paraquat and diquat as

The calibration standards were validated and con- method surrogates. To maximize the sensitivity of
trolled at 10065% against three certified reference the ESI-MS analysis, the eluent used was 1.35%
standard solutions, prior to use. TFA aqueous solution.
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2 .3.2. Vegetation samples given sample and, as a secondary confirmation tool
Vegetation samples for paraquat and diquat analy- for paraquat and diquat analysis. By constantly

sis were flash frozen using about 10 ml of liquid evaluating the DAD data it was possible to keep
nitrogen. The frozen sample was blended at maxi- sample-to-sample carry over and ESI-MS contamina-
mum speed in a Waring blender for approx. 60 s. tion to a minimum, thus, reducing MS downtime.
Approx. 2 g of the homogenized sample was accu- The linear range of the LC–ESI-MS system for
rately weighed, fortified with the method surrogates, paraquat and diquat was demonstrated to be at least
and extracted for 2 min in the blender with 40 ml of three orders of magnitude, corresponding to 0.1 to
0.5 M HCl and 20 ml of dichloromethane. The 100 ng on-column. Typical loadings of paraquat and
resulting mixture was centrifuged in a glass cen- diquat in the real world samples ranged from ,0.1
trifuge tube at 3500 rpm for 20 min. The aqueous ng (drinking water samples) to greater than 200 ng
supernatant was transferred to a 500-ml plastic on-column (vegetation samples). Routine analysis of
bottle, diluted to 200 ml with deionized water, the paraquat and diquat was calibrated using a three-
pH was adjusted to 6.560.5 using 10% NaOH, and point calibration curve with a column loading of 0.2,
analytes were extracted using the resin SPE car- 5, and 10 ng.
tridges.

2 .4. Instrumentation and analytical procedures 3 . Results and discussion

2A HP 1100 Modular LC–MS system (Agilent Mass spectra of native and H-labeled paraquat
Technology, Palo Alto, CA, USA) was used for and diquat are shown in Fig. 1. During the LC–ESI-
sample analysis. Chromatographic separation was MS analysis, m /z 185 and 93 were monitored for
achieved at 15 8C on a Zorbax SB-C3, 15034.6 mm, paraquat, m /z 183 and 92 were monitored for diquat,

25.0 mm, non-endcapped, analytical column. The and m /z 193 and 186 were monitored for H -8
2isocratic LC separation was carried out at a flow-rate paraquat and H -diquat, respectively. Typical re-4

of 0.75 ml /min. The injection volume for the constructed LC SIMP chromatograms are shown in
analysis was 20 ml and the total analysis time was Fig. 2. Current LC parameters allows a baseline
6 min. separation of paraquat and diquat within 6 min. This

The ESI interface used N gas at a pressure of baseline separation is also required for the unam-2
240 p.s.i. and flow-rate of 12 l /min (1 p.s.i.56894.76 biguous identification and quantitation of H -diquat4

Pa). The drying gas temperature and capillary volt- as, from Fig. 1, native paraquat has a significant
age were set at 350 8C and 3500 V. The MS system fragment at m /z 186 and could affect the area counts

2was tuned daily using an Agilent proprietary tuning of H -diquat if not baseline separated.4

mixture. MS data were acquired in the positive
ionization mode using selected ion monitoring and a 3 .1. Alkyl-silica SPE cartridges—effect of carbon
fragmentation voltage of 90 V. Identification of loading and sample pH
paraquat and diquat was achieved using LC retention
times calculated from the selected ion monitoring The extraction efficiency of the IP based alkyl-
plots (SIMPs), one target ion, one qualifier ion, and silica SPE cartridge can be affected by factors such
the ratio of area counts of the target and qualifier as the sample pH and the level of carbon loadings on
ions. Integrated areas obtained from the SIMPs of the alkyl-silica sorbent. Using laboratory control
the target ions were used for quantification using samples and six different alkyl-silica SPE cartridges,
IDMS protocol [31]. we first investigated the effect of carbon loading on

The progress of the LC analysis was monitored method performance for paraquat and diquat analy-
using the diode-array detector (DAD) at wavelengths sis. As shown in Table 1, the recovery of paraquat

2308 nm for diquat / H -diquat and 257 nm for and diquat was found to be inversely proportional to4
2paraquat / H -paraquat. The DAD data was used to the degree of carbon loading of the alkyl-silica8

monitor the presence of excess contamination in a sorbent. This result can be explained using the ion-
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chain length of the SPE sorbent. As shown in Table
1, cartridges 1 and 4 have different alkyl chain
lengths and the lowest carbon loading in their peer
groups (C - and C -alkyl chains), and give the best8 18

performance for the recovery of the analytes.
Using alkyl-silica SPE cartridges 1 and 4, we

investigated the effect of pH on the recovery of
2native paraquat and diquat and H -paraquat and8

2H -diquat, specifically at pH 5.0, 7.0, 8.5, and 10.0.4

This was done by extracting and analyzing a set of
fortified water samples immediately after pH adjust-
ment. We found that an increase in pH values
adversely affected the recovery of both the native
and deuterated analytes, see Fig. 3. From the figure,
it is clear that while the recoveries of native paraquat

2and H -paraquat correlate well at all pH values, the8

recovered amount decreased from a high of over
80% at pH 5 to a low of approx. 40% at pH 10.0.
Clearly, an increase in pH values has an identical

2and adverse effect on the native and H -diquat.4
2Recoveries and correlation of native diquat and H -4

diquat are good at pH 5 and 7, but the recovery and
the correlation deteriorated rapidly with the increas-
ing pH. At pH 10.0, there is no recovery of the
2H -diquat and only 20% recovery of the native4

diquat. These results indicate that the efficiency of
alkyl-silica SPE methods for paraquat and diquat is
pH dependent.

Although the IDMS analysis of paraquat and
diquat can be carried out at pH 5.0 and 7.0, we
noticed that pH modification tended to cause precipi-

Fig. 1. Reconstructed LC SIMP plots obtained from MS spectral tate formation in raw water, ground water and river
2data. Native paraquat (dotted line) and diquat (solid line), H -8 water samples. These precipitates can eventually

2paraquat (thin dashed line, A 52.876 min), and H -diquatpeak 4 block the extraction cartridge making it very difficult
(dashed line, A 53.204 min).peak to continue the extraction process. This study results

show that when using alkyl-silica SPE cartridges,
one must control sample pH and select alkyl-silica

interaction model of paired ion system proposed by cartridges carefully to ensure a successful IDMS
Bidlingmeyer et al. [34] and Warren [35]. Paraquat analysis.
and diquat are extracted via the lipophilic interaction
of their aromatic moiety and the C - and/or C - 3 .2. IDMS analysis using resin SPE cartridges and8 18

2chains and/or the electrostatic attraction between the H-labeled paraquat and diquat
IP reagent and paraquat and diquat ions. The electro-
static attraction is the dominant force and increases The complexities involved with alkyl-silica SPE
in proportion with the decrease of carbon loading. cartridges led us to examine the use of a resin SPE
Therefore, the extent to which paraquat and diquat cartridge for paraquat and diquat analysis. The goal
are extracted from the sample is inversely propor- was to achieve an efficient SPE sample preparation
tional to the carbon loading, regardless of the alkyl method that is amenable for use with ESI-MS
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2 2Fig. 2. ESI-MS spectra of paraquat (A), H -paraquat (B), diquat (C), and H -diquat (D).8 4

analysis. Such a method should also allow the use of not be susceptible to sample matrix effects. The
2 2 2 2H -paraquat and H -diquat as method surrogates suitability of H -paraquat and H -diquat for use as8 4 8 4

for ESI-IDMS analysis of paraquat and diquat, and surrogate analytes in the IDMS analysis was first
evaluated using fortified pure water laboratory con-
trol samples.

IDMS analysis requires that the recovery of the
target compound is equal to that of the surrogate.
Therefore, when the recovery of the surrogates is
plotted against that of the target analytes, the slope
of the least-square fitted line should be 458. Fig. 4
shows the correlation plots for the recoveries of

2 2paraquat and H -paraquat, and diquat and H -8 4

diquat for the laboratory control water spikes. These
plots show a high level of correlation between the
deuterated surrogates and target analytes, with a
slope of 43.48 for paraquat and 50.28 for diquat.
Compared to the external standard method of analy-
sis, IDMS analysis improved the recoveries of
paraquat and diquat from 80610% and 82613%, to
10363% and 9864%, respectively. The data clearly

2 2supports the use of H -paraquat and H -diquat as8 4

surrogate analytes for IDMS paraquat and diquat
Fig. 3. Effect of pH values used during the sample extraction step. analysis.
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To further substantiate these results, we compiled
recoveries of fortified composite raw water, chlori-
nated drinking water (tap water), and vegetation
samples analyzed over a period of 6 months using
the IDMS protocol. Table 2 shows the results of the
IDMS evaluation for raw water, chlorinated drinking
water, and vegetation samples. From Fig. 4 and
Table 2, it is clear that excellent quality control data

2is obtained using H-labeled paraquat and diquat as
method surrogates for the preparation of environ-
mental water and vegetation matrices using resin
SPE cartridges and LC–ESI-IDMS analysis. Using
the standard EPA protocol [36] the method detection
limits (MDLs) for water were calculated to be 0.2
and 0.1 mg/ l for paraquat and diquat, respectively.
And for vegetation matrices they were calculated to
be 0.02 and 0.01 mg/g for paraquat and diquat,
respectively. These results are shown in Table 3.

It is worth mentioning that we observed different
trends in the precision and accuracy data for vegeta-

2tion sample matrices. Using H -diquat we achieved4

excellent correlation and precision data for vegeta-
tion IDMS analysis; however, the recoveries tended
to be slightly high (from 82622 to 11967%).
Without the availability of concrete evidence, a
possible cause for this anomaly may be the enhanced
deuterium/hydrogen exchange in the low pH en-
vironment of the extraction medium and/or LC
mobile phase. This exchange would reduce the actual

2recovery of H -diquat, and therefore increase the4

recovery of native diquat as calculated using IDMS
protocol. Further investigation, including the use of a

2Fig. 4. Correlation plots for recoveries of paraquat and H - neutral LC mobile phase and LC–MS–MS analysis8
2paraquat (A), and diquat and H -diquat (B), obtained from4 of sample preparation by-products are under way to

deionized water samples. improve this method further.

Table 2
Summary of method performance obtained from quality assurance data

Sample n Paraquat Diquat
description

Recovery (%) Slope of Recovery (%) Slope of
correlation line, correlation line,

Without IDMS Via IDMS degree Without IDMS Via IDMS degree
quantitation quantitation quantitation quantitation

Raw water 13 59623 102610 45.5 68611 9669 46.6
Tap water 23 57620 9865 44.7 6467 9865 45.8
Vegetation 18 47616 9968 44.9 82622 11967 40.1
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Table 3 R eferences
Method recoveries and detection limits for paraquat and diquat in
pure water and vegetation (lettuce) matrices

[1] A.J. Cannard, W.J. Criddle, Analyst 100 (1975) 848.
Paraquat Diquat [2] J. Hajslova, P. Cuhra, T. Davidek, J. Davidek, J. Chromatogr.

479 (1989) 243.Water Vegetation Water Vegetation
[3] M.A. Martens, A. Heydrickx, J. Pharm. Belg. 29 (1974) 444.

Spiking level 2.5 0.1 1.25 0.1 [4] J. Van Emon, B. Hammock, J.N. Seiber, Anal. Chem. 58
(mg/ l or mg/g) (1986) 1866.

[5] J.Van Emon, J. Seiber, B. Hammock, Bull. Environ. Contam.
n 8 9 8 9 Toxicol. 39 (1987) 490.

[6] J.W. Hodgeson, W.J. Bashe, EPA Method 549, US En-
Average recovery 2.44 0.09 1.11 0.11

vironmental Protection Agency, Office of Research and
(mg/ l or mg/g)

Development, Cincinnati, OH, 1990;
J.W. Hodgeson, W.J. Bashe, J.W. Eichelberger, EPA MethodRecovery (%) 98 90 89 112
549.1, US Environmental Protection Agency, Office of
Research and Development, Cincinnati, OH, 1992;SD 0.07 0.006 0.04 0.003
J.W. Hodgeson, W.J. Bashe, J.W. Eichelberger, J.W. Munch,(mg/ l or mg/g)
EPA Method 549.2, US Environmental Protection Agency,
Office of Research and Development, Cincinnati, OH, 1997.RSD (%) 3 7 4 3

˜ ˜´ ´[7] M. Ibanez, Y. Pico, J. Manes, Chromatographia 45 (1997)
402.MDL 0.2 0.02 0.1 0.01

˜ ˜´ ´[8] M. Ibanez, Y. Pico, J. Manes, J. Chromatogr. A 727 (1996)(mg/ l or mg/g)
245.

A 2.5-mg amount of paraquat and 1.25 mg of diquat were used ˜ ˜´ ´[9] M. Ibanez, Y. Pico, J. Manes, J. Chromatogr. A 728 (1996)
to fortify the water matrix. A 5-mg amount of paraquat and diquat 325.
were used to fortify the vegetation matrix (5 g). [10] V.A. Simon, A. Taylor, J. Chromatogr. 479 (1989) 153.

[11] B.L. Worobey, J. Assoc. Offic. Anal. Chem. 76 (1993) 881.
[12] T.M. Chichila, D.M. Gilvydis, J. Assoc. Offic. Anal. Chem.

76 (1993) 1323.
4 . Conclusion [13] T.M. Chichila, S.M. Walters, J. Assoc. Offic. Anal. Chem. 74

(1991) 961.
[14] T. Nagayama, T. Maki, K. Kan, M. Iida, T. Nishima,It is demonstrated that resin SPE cartridges can be

Reverse-Phase Liquid Chromatographic Determination ofsuccessfully used to prepare samples for the LC–
Paraquat and Diquat in Agricultural Products, The Tokyo

ESI-IDMS analysis of paraquat and diquat in aque- Metropolitan Research Laboratory of Public Health, Division
ous and vegetation matrices. The resin SPE sample of Food Hygiene, Tokyo, 1987.

[15] M. Takino, S. Daishima, K. Yamaguchi, Anal. Sci. 16 (2000)preparation method requires neither pretreatment for
707.aqueous samples nor the use of ion-pairing agents.

[16] D. Barcelo, G. Durand, J. Chromatogr. 647 (1993) 271.Method performance data obtained from the labora-
[17] V.Y. Taguchi, S.W.D. Jenkins, P. W Crozier, T.D. Wang, J.

tory quality control and quality assurance samples Am Soc. Mass Spectrom. 9 (1998) 830.
showed outstanding precision and accuracy, although [18] J.C. Marr, J.B. King, Rapid Commun. Mass Spectrom. 11
diquat results in vegetation matrices results were (1997) 479.

[19] M. Yoshido, T. Watabiki, T. Tokiyasu, N. Ishida, J. Chroma-biased high by up to 19%, and thus validated the
togr. 628 (1993) 235.IDMS method for paraquat and diquat analysis. As

[20] I. Kambhampati, K.S. Roinestad, T.G. Hartman, J.D. Rosen,expected, environmental water samples prepared
E.K. Fukuda, R.L. Lippincott, R.T. Rosen, J. Chromatogr. A

using this method achieved much better sensitivity 688 (1994) 67.
(MDL50.1 mg/ l diquat and 0.2 mg/ l paraquat) than [21] R. Castro, E. Moyano, M.T. Galceran, J. Chromatogr. A 914

(2001) 111.can be achieved using the IP UV method [6] which
[22] Y.Y. Wigfield, K.A. McCormack, R. Grant, J. Agric. Foodhas typical MDLs of 0.5 mg/ l for diquat and 1 mg/ l

Chem. 41 (1993) 2315.for paraquat. The use of resin SPE cartridges with
[23] O. Nunez, E. Moyano, L. Puignou, M.T. Galceran, J.

the LC–ESI-IDMS analysis of paraquat and diquat Chromatogr. A 912 (2001) 353.
allowed a significant improvement in data quality [24] T. Perez-Ruiz, C. Martinez-Lozana, A. Sanz, V. Tomas,
and operation efficiency. Chromatographia 43 (1996) 468.
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`[25] D. Kaniansky, F. Ivanyi, F.I. Onuska, Anal. Chem. 66 (1994) [31] P. De Bievre, Fresnius J. Anal. Chem. 337 (1990) 766.
1817. [32] M.-C. Hennion, V. Pichon, Eniviron. Sci. Technol. 28 (1994)

[26] M.T. Galceran, M.C. Carneiro, L. Puignou, Chromatographia 576A.
39 (1994) 581. [33] C.-Y.L. Hsu, R.R. Walters, J. Chromatogr. 629 (1993) 61.

[27] M.C. Carneiro, L. Puifnou, M.T. Galceran, J. Chromatogr. A [34] B.A. Bidlingmeyer, S.N. Deming, W.P. Price, B. Sachok, M.
669 (1994) 217. Petrusek, J. Chromatogr. 186 (1979) 419.

[28] X. Song, W.L. Budde, J. Am. Soc. Mass Spectrom. 7 (1996) [35] V. Warren, Waters Lab Highlight, LAH0075 1982.
981. [36] 49 F.R. 43430, 26 October 1984; 50 F.R. 694, 696, 4 January

[29] Y. Zhao, K. Lazou, M. Schelfaut, L. De Reu, P. Sandra, 1985, as amended at 51 F.R. 23703, 30 June 1986 (http: / /
Chromatographia 51 (2000) 531. www.federalregister.com).

[30] J.M. Lazar, M.L. Lee, J. Microcol. Sep. 11 (1999) 117.

http://www.federalregister.com
http://www.federalregister.com
http://www.federalregister.com
http://www.federalregister.com

	Liquid chromatography-electrospray ionization isotope dilution mass spectrometry analysis of
	Introduction
	Experimental
	Chemicals and reagents
	Calibration solutions
	Sample preparation
	Water samples
	Vegetation samples

	Instrumentation and analytical procedures
	Results and discussion
	Alkyl-silica SPE cartridges-effect of carbon loading and sample pH
	IDMS analysis using resin SPE cartridges and 2H-labeled paraquat and diquat

	Conclusion

	References


